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PREFACE 


An  in  situ  seismic  investigation  at  Black  Butte  Dam  was  author¬ 
ized  by  the  U.  S.  Army  Engineer  District,  Sacramento,  under  IAO  Nos. 
SPKED-F-80-23  and  SPKED-F-82-1,  dated  3  April  1980  and  14  October  1981, 
respectively. 

The  field  investigation  was  performed  during  the  periods 
12-15  May  1980  and  18-22  May  1982.  Messrs.  Ronald  E.  Wahl,  Jose  L. 
Llopis,  Donald  E.  Yule,  Donald  H.  Douglas,  Rodney  N.  Walters,  and 
Michael  R.  Sharp,  and  LT  Stephen  G.  Sanders  of  the  Field  Investigations 
Group,  Earthquake  Engineering  and  Geophysics  Division  (EEGD) ,  Geotech¬ 
nical  Laboratory  (GL) ,  and  Mr.  Monroe  B.  Savage  of  the  Instrumentation 
Services  Division  (ISD) ,  of  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES),  were  members  of  the  field  parties  who  carried  out  this 
project.  The  analysis  phase  of  this  study  was  performed  by  Messrs.  Wahl 
and  Llopis  under  the  general  supervision  of  Dr.  Arley  G.  Franklin, 

Chief,  EEGD,  and  Dr.  William  F.  Marcuson  III,  Chief,  GL.  This  report 
was  written  by  Messrs.  Llopis  and  Wahl. 

COL  Nelson  P.  Conover,  CE,  and  COL  Tilford  C.  Creel,  CE,  were 
Commanders  and  Directors  of  WES  during  the  performance  of  this  investi¬ 
gation  and  the  preparation  of  this  report.  Mr.  Fred  R.  Brown  was 
Technical  Director. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 

UNITS  OF  MEASUREMENT 

U.  S.  customary  units  of  measurement  used  in  this  report  can  be  convert¬ 
ed  to  metric  (SI)  units  as  follows: 

_ Multiply  By  _ To  Obtain _ 

feet  0.3048  metres 

miles  (U.  S.  statute)  1.609347  kilometres 

pounds  (force)  4.448222  newtons 

pounds  (mass)  0.4535924  kilograms 
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IN  SITU  SEISMIC  INVESTIGATION  OF  BLACK  BUTTE  DAM 

PART  I:  INTRODUCTION 

Background,  Purpose,  and  Scope  of  Study 

1.  Current  computerized  seismic  wave  propagation  analysis  proce¬ 
dures  for  earth  dams  and  foundations  require  that  values  of  compression- 
and  shear-wave  (P-  and  S-wave)  propagation  velocities  as  a  function  of 
depth  be  determined.  These  seismic  velocities  are  used  in  conjunction 
with  conventional  field  sampling  and  laboratory  testing  to  provide  soil 
property  information  for  a  dynamic  analysis  of  the  dam  and  its 
foundation. 

2.  A  geophysical  investigation  was  conducted  at  Black  Butte  Dam, 
which  is  located  on  Stony  Creek  approximately  nine  miles*  west  of  the 
town  of  Orland,  Calif.,  as  shown  in  Figure  1.  The  investigation  was 
performed  to  determine  P-  and  S-wave  velocities  as  a  function  of  depth 
within  the  dam  and  its  underlying  foundation  materials.  A  suite  of 
seismic  test  methods  was  used  in  order  to  determine  an  optimal  P-  and 
S-wave  velocity  zonation  of  the  dam  and  foundation  for  use  in  a  dynamic 
analysis. 


Site  Description 

3.  The  Black  Butte  Dam  is  a  zoned  earth-fill  structure  with  a 
crest  length  of  2970  ft,  a  maximum  width  of  about  700  ft,  and  a  maximum 
height  of  150  ft;  construction  was  completed  in  1963.  The  zones  consist 
of  a  central  impervious  core  and  a  random-fill  shell.  The  impervious 
core  trench  was  founded  on  rock  (basalt)  on  the  abutments  and  mudstone 
in  the  valley  section.  Depths  of  excavation  for  the  core  trench  ranged 
from  approximately  1  to  60  ft.  The  foundation  for  the  embankment  con¬ 
sists  of  the  Chico  Formation,  the  Black  Butte  Series,  and  alluvium. 

*  A  table  for  converting  U.  S.  customary  units  of  measurement  to  metric 
(SI)  units  is  presented  on  page  3. 
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4.  The  Chico  Formation  consists  of  sandstone,  sandy  shales,  con¬ 
glomerates,  and  a  minor  amount  of  limestone.  The  sediments  overlying 
the  Chico  Formation  are  referred  to  as  the  Black  Butte  Series.  The  basal 
member  is  a  conglomerate  with  an  average  thickness  of  25  ft;  it  is 
overlain  by  materials  grading  upward  from  a  clayey  sandstone  through  a 
pseudosandstone  (i.e.,  has  the  appearance  of  fine-grained  sandstone,  but 
is  composed  of  clay  to  an  arenaceous  claystone) .  This  material  has  been 
grouped  under  the  general  heading  of  mudstone.* 

5.  The  majority  of  the  alluvium  upon  which  the  dam  is  founded 
consists  chiefly  of  floodplain  and  stream  deposits.  The  floodplain 
deposits  consist  of  lenticular  deposits  of  clay,  silt,  sand,  and  gravel. 
These  deposits  are  gray  in  color,  unconsolidated,  and  have  been  depos¬ 
ited  in  such  a  manner  that  fines  predominately  occupy  the  upper  limits 
with  the  gravels  largely  confined  to  the  lower  two-thirds.  The  vertical 
thickness  of  this  deposit  averages  8  ft.  The  Recent  stream  deposits  are 
chiefly  rounded  to  subrounded  rock  fragments  (gravel)  and  are  composed 
of  volcanics  with  minor  amounts  of  diorite,  quartzite,  schists,  and 
chert.  These  deposits  are  porous,  loose,  and  are  17  to  20  ft  in  verti¬ 
cal  thickness.*  A  plan  view  of  the  dam  is  shown  in  Figure  2.  Trans¬ 
verse  and  longitudinal  cross  sections  are  presented  in  Figure  3. 

Test  Program 

6.  After  a  preliminary  geophysical  test  program  had  been  planned 
by  personnel  of  the  U.  S.  Array  Engineer  District,  Sacramento,  it  was 
submitted  to  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES) 
for  review.  Pertinent  information  relative  to  the  design  and  construc¬ 
tion  of  the  embankment  was  provided  to  aid  in  that  review.  The  finalized 
test  program  consisted  of  seismic  refraction,  crosshole,  downhole,  and 
surface  vibratory  tests  which  would  provide  the  geophysical  data  neces¬ 
sary  to  complete  an  analysis  of  the  dam's  response  to  earthquake  loadings. 

*  Design  Memorandum  No.  4,  Black  Butte  Project,  Stony  Creek,  Calif., 

Dam  and  Appurtenances,  Appendix  A,  1  January  1959,  U.  S.  Army  Engineer 
District,  CE,  Sacramento,  Calif. 


The  locations  of  the  tests  performed  during  this  investigation  are 
shown  in  Figure  2.  The  average  pool  elevation  while  conducting  surface 
refraction  and  vibratory  tests  was  459  ft  (12-15  May  1980).  During  the 
performance  of  crosshole  and  downhole  tests,  the  average  pool  elevation 
was  461  ft  (18-22  May  1982). 

7.  Seismic  refraction  tests.  Surface  seismic  refraction  tests 
were  conducted  to  determine  P-wave  velocities,  layering  (depth  to  inter¬ 
faces  having  contrasting  velocities) ,  and  anomalous  conditions  (if  any) . 
These  tests  consisted  of  four  lines,  designated  R-l  through  R-4  which 
were  located  and  oriented  as  shown  in  Figure  2.  Forward  and  reverse 
traverses  were  run  for  each  line.  Line  R-l  was  run  along  the  toe  of  the 
dam  and  had  a  length  of  625  ft.  Line  R-2  was  located  on  the  dam  crest 
and  was  900  ft  long.  Line  R-3  was  run  on  the  right  abutment  and  had  a 
length  of  500  ft.  Line  R-4  was  located  on  the  left  abutment  and  had  a 
length  of  200  ft. 

8.  Surface  vibratory  tests.  Ten  vibratory  lines,  designated  as 
V-l  through  V-10,  were  run  as  shown  in  the  test  layout  (Figure  2). 

These  tests  were  conducted  to  determine  Rayleigh-wave  (R-wave)  veloci¬ 
ties,  which  are  similar  in  magnitude  to  S-wave  velocities,  as  a  function 
of  depth.  Lines  V-l  through  V-4  were  located  on  the  dam  crest  while 
lines  V-5  through  V-8  were  located  on  the  toe.  Lines  V-9  and  V-10  were 
run  on  the  right  abutment.  All  the  vibratory  lines  were  200  ft  in 
length. 

9.  Crosshole  tests.  Crosshole  tests  were  conducted  in  three 
borehole  sets  (AB,  CD,  and  EF)  with  each  set  consisting  of  two  borings. 
Boreholes  in  each  set  were  spaced  approximately  10  ft  apart  at  the  loca¬ 
tions  shown  in  Figure  2. 

10.  The  purpose  of  the  crosshole  investigation  was  to  determine 
horizontal  P-  and  S-wave  velocities  as  a  function  of  depth.  One  advan¬ 
tage  of  crosshole  testing  as  opposed  to  surface  seismic  refraction  is 
its  ability  to  detect  lower  velocity  layers  underlying  or  sandwiched 
between  layers  of  higher  velocity.  The  crosshole  technique  is  therefore 
considered  to  be  inherently  more  definitive  and  accurate  than  the  sur¬ 
face  refraction  test  but  has  the  shortcoming  of  requiring  boreholes  and 
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not  being  able  to  cover  as  much  areal  extent;  thus  the  techniques  are 
used  in  a  complementary  manner. 

11.  Borehole  set  AB  was  approximately  45  ft  deep  and  was  located 
on  the  center  line  of  the  crest  near  sta  21+00.  These  borings  were  used 
for  obtaining  velocities  of  the  impervious  core.  Borehole  set  CD  was 
approximately  135  ft  deep  and  located  32  ft  below  the  crest  of  the  dam 
on  the  downstream  face  near  sta  21+00;  these  borings  were  designed  to 
obtain  velocities  of  the  pervious  zone,  alluvium,  and  Black  Butte  Series 
(i.e.,  the  foundation  materials).  Borehole  set  EF  was  approximately 

95  ft  deep  and  located  on  the  downstream  toe  near  sta  21+00;  these 
borings  passed  through  the  alluvium  and  into  the  Black  Butte  Series. 

12.  All  borings  for  the  crosshole  tests  were  drilled  8  in.  in 
diameter  and  cased  with  4-in.  ID  polyvinyl  chloride  (PVC)  pipe  by  WES 
personnel.  The  annular  space  between  the  casing  and  walls  of  the 
borings  was  grouted  with  a  mixture  of  portland  cement,  bentonite,  and 
water,  which,  after  setting  up,  had  approximately  the  consistency  of 
soil.  A  borehole  deviation  survey  was  conducted  to  determine  precise 
vertical  alignment  because  accurate  reduction  of  data  from  the  crosshole 
tests  requires  knowledge  of  the  drift  of  each  borehole  so  that  a  straight- 
line  distance  between  boreholes  at  each  test  depth  can  be  established. 
Since  distances  and  corresponding  arrival  times  were  known  for  each  test 
elevation,  an  analysis  of  the  crosshole  data  obtained  from  each  of  the 
three  sets  was  made  with  the  aid  of  a  computer  program  developed  at  WES.* 

13.  Downhole  tests.  Downhole  P-  and  S-wave  tests  were  conducted 
to  complement  surface  seismic  refraction  and  crosshole  tests  thereby  in¬ 
creasing  overall  confidence  in  data  obtained.  Downhole  P-  and  S-wave 
tests  were  conducted  in  borings  A,  C,  and  E  at  5-ft-depth  intervals 
with  the  source  located  5  to  9  ft  from  the  mouth  of  the  borehole.  In 
addition  to  the  determination  of  P-  and  S-wave  velocities,  the  downhole 
test  has  the  ability  to  detect  inversion  layers.  However,  certain  limi¬ 
tations  must  be  recognized: 

*  Butler,  D.  K. ,  Skoglund,  G.  R. ,  and  Landers,  G.  B.  1978.  "CROSSHOLE: 

An  Interpretative  Computer  Code  for  Crosshole  Seismic  Test  Results, 
Documentation,  and  Examples,"  Miscellaneous  Paper  S-78-8,  U.  S.  Army 
Engineer  Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 
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a.  Lower  limits  of  measurable  velocity  are  inherently  estab¬ 
lished  by  the  velocity  of  the  casing  or  grout  which  can 
act  as  a  wave  guide  for  the  vertically  traveling  seismic 
waves . 

b^.  Accuracy  of  incremental  velocities  is  directly  related 
to  the  preciseness  of  timing  control  available  on  the 
seismograph.  In  high  velocity  materials,  incremental 
time  differences  could  be  on  the  order  of  1  or  2  msec. 
Therefore,  an  error  of  0.5  msec  in  a  distance  of  10  ft 
or  less  would  be  appreciable.  In  view  of  these  limita¬ 
tions,  the  downhole  test  must  be  used  with  discretion. 

Equipment  and  Test  Procedures 

14.  Seismographs .  Two  different  types  of  seismographs  were  uti¬ 
lised  for  recording  surface  refraction,  surface  vibratory,  crosshole, 
and  downhole  test  data.  Refraction  lines  R-l  and  R-3,  and  all  surface 
vibratory  lines  were  performed  using  a  portable,  battery-powered,  24- 
channel  seismograph,  and  an  oscillograph.  Refraction  lines  R-2  and  R-4, 
crosshole,  and  downhole  tests  were  conducted  with  a  portable,  battery- 
powered,  12-channel  seismograph  which  had  data-enhancement  capability. 

15.  Geophones.  For  seismic  refraction  and  surface  vibratory 
tests,  material  response  was  detected  by  vertically  oriented  geophones. 
For  crosshole  and  downhole  tests,  the  material  response  was  monitored  by 
a  triaxial  array  of  geophones  (two  mounted  horizontally  at  90  deg  to 
each  other,  and  one  vertically  oriented)  housed  in  one  container. 

16.  Energy  sources.  For  seismic  refraction  lines  R-l  through  R-3 
the  seismic  energy  source  was  2  to  5  lb  of  two-component  explosive 
charges  with  the  amount  of  explosives  used  being  dependent  on  the  length 
and  location  of  the  line.  Charges  were  buried  between  3  and  5  ft  depend¬ 
ent  on  the  location  of  the  line.  For  refraction  line  R-4,  the  seismic 
source  was  generated  by  applying  sledgehammer  blows  to  a  steel  plate 
seated  on  the  ground  surface. 

17.  The  energy  source  for  the  surface  vibratory  lines  was  a 
4000-lb  force  (peak)  electrohydraulic  vibrator  with  a  10-  t  ->  300-Hz 
frequency  range. 
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18.  For  crosshole  seismic  tests,  a  downhole  vibrator  was  used  as 
a  generator  of  vertically  polarized  shear  (SV)  waves.  Exploding  bridge- 
wire  detonators  were  used  as  a  P-wave  source. 

19.  The  energy  source  for  the  determination  of  P-wave  velocities 
for  the  downhole  test  consisted  of  striking  a  steel  plate,  seated  on 
the  ground,  with  a  sledgehammer.  S-waves  for  the  downhole  S-wave  test 
were  generated  by  alternately  striking  each  end  of  a  wooden  plank  lying 
on  the  ground  with  a  sledgehammer. 

20.  All  phases  of  the  geophysical  test  program  with  the  exception 
of  the  surface  vibratory  and  crosshole  S-wave  tests  were  conducted  in 
accordance  with  procedures  outlined  in  Chapter  3  of  EM  1110-1-1802, 
"Geophysical  Exploration,"  dated  31  May  1979.  In  this  manual,  a  de¬ 
tailed  description  of  each  test  technique  employed  is  presented  along 
with  pertinent  background  information.  The  surface  vibratory  test  pro¬ 
cedure  consisted  of  positioning  the  vibrator  at  a  selected  location  and 
placing  the  geophones  in  a  straight  line  (starting  at  and  extending  away 
from  the  vibrator)  at  selected  intervals  along  the  surface  of  the  ground. 
The  vibrator  was  then  operated  at  discrete  selected  frequencies  with  the 
surface  R-wave  being  monitored  by  the  transducers  (geophone  nearest  the 
vibrator  served  as  zero  time).  The  time  lag,  referenced  to  the  zero  time 
geophone,  is  determined  and  plotted  versus  the  respective  distances  that 
the  geophones  were  from  the  vibrator.  The  R-wave  velocity  for  the  source 
frequency  is  determined  from  the  slope  of  the  line  obtained  in  the  plot. 
When  the  frequency  and  R-wave  velocity  are  known,  a  corresponding  wave¬ 
length  can  be  computed  by  dividing  the  velocity  by  the  frequency.  Wave 
velocities  thus  derived  are  considered  to  be  average  values*  for  an 


*  R-wave  velocities  that  are  determined  near  a  high  velocity  contrast 
interface,  such  as  a  soil-rock  boundary,  will  probably  be  influenced 
by  both  the  higher  and  lower  velocity  materials  and  thus  provide 
weighted  average  velocities  dependent  on  the  physical  properties  of 
two  layers. 
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effective  depth  of  one-halL  the  wavelength.  As  mentioned  previously, 
R-wave  velocities  are  numerically  close  to  S-wave  velocities.  For  the 
range  of  Poisson's  ratios  commonly  found  in  soil  materials,  the  maximum 
difference  between  R-  and  S-wave  velocities  is  less  than  10  percent.* 

21.  The  crosshole  S-wave  test  differed  fr«..a  that  described  in 
EM  1110-1-1802  in  that  instead  of  using  a  surface-mounted  vibrator  as 
a  seismic  source,  a  downhole  vibrator  was  employed.  The  procedure  con¬ 
sisted  of  lowering  the  vibrator  in  the  borehole  to  a  selected  test  eleva¬ 
tion  and  clamping  the  vibrator  firmly  to  the  sidewalls  of  the  PVC  casing 
by  means  of  an  inflatable  rubber  bladder.  When  the  vibrator  was  in 
position,  the  operator  swept  the  oscillator  through  a  range  of  frequen¬ 
cies  (50-  to  500-Hz)  and  selected  one  that  propagated  well  (one  with  a 
high  amplitude)  through  the  transmitting  medium.  The  time  required  for 
the  transmitted  signal  to  reach  the  receiver  geophone  was  recorded  with 
a  seismograph  with  enhancement  capabilities  and  the  corresponding  S-wave 
velocity  determined. 


*  Ballard,  R.  F. ,  Jr.  1964.  "Determination  of  Soil  Shear  Moduli  at 
Depths  by  In  Situ  Vibratory  Techniques,"  Miscellaneous  Paper  4-691, 

U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 


PART  II:  TEST  RESULTS 


Surface  Seismic  Refraction  Tests 


22.  Basic  data  acquired  from  seismic  refraction  tests  are  con¬ 
ventionally  displayed  in  time-distance  plots.  The  data  from  lines  R-l 
through  R-4  are  shown  in  Figures  4-7,  respectively. 

23.  Seismic  refraction  line  R-l  was  located  on  the  toe  of  the 
dam  between  sta  19+00  and  25+25.  Four  P-wave  velocity  zones  were  deter¬ 
mined  as  shown  in  Figure  4.*  The  first  zone  extended  to  depths  of  6  and 
16  ft  and  had  an  average  velocity  of  2150  fps.  The  underlying  second 
zone  was  encountered  to  depths  of  23  and  42  ft  and  had  a  true  velocity 
of  4750  fps.  Zone  3  had  a  true  velocity  of  6750  fps  and  ranged  from 
110  to  115  ft  in  depth  where  Zone  4  was  encountered  with  a  true  velocity 
of  9850  fps. 

24.  Seismic  refraction  line  R-2  was  run  on  the  crest  of  the  dam 
approximately  between  sta  19+00  and  28+00.  Three  P-wave  velocity  zones 
were  indicated  as  shown  in  Figure  5.  The  first  zone  had  an  average 
velocity  of  1625  fps  and  extended  to  depths  between  10  and  40  ft.  The 
underlying  zone  had  a  true  velocity  of  2950  fps  and  ranged  between  132 
and  136  ft  in  depth  where  Zone  3  was  encountered  with  a  true  velocity  of 
6875  fps. 

25.  Seismic  refraction  line  R-3  was  located  on  the  right  abutment 
between  the  outlet  channel  and  downstream  toe  (sta  12+00  to  17+00)  and 
was  oriented  in  a  southeast-northwest  direction.  Three  P-wave  velocity 
zones  were  detected  as  shown  in  Figure  6.  The  first  zone  had  an  average 
velocity  of  1225  fps  corresponding  to  the  overburden  and  ranged  from  5  to 
11  ft  in  thickness.  Zone  2,  corresponding  to  the  Tehama  Formation  (poor¬ 
ly  consolidated,  fluvially  deposited  pebbles,  sand,  silts,  and  clays) 
extended  to  depths  ranging  from  18  ft  on  the  northwestern  end  of  the 

line  to  58  ft  on  the  southeastern  end  and  had  a  true  velocity  of  3500  fps. 


*  All  velocities  reported  are  assumed,  based  on  timing  resolution  and 
judgment,  to  have  an  accuracy  of  +12.5  fpS. 
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Below  the  above  zones,  layer  3,  which  corresponds  to  the  basalt  layer, 
had  a  true  velocity  of  9825  fps. 

26.  The  time-distance  plot  for  seismic  line  R-4  which  was  locat¬ 
ed  on  the  dam's  left  abutment  and  oriented  in  an  east-west  direction  is 
presented  in  Figure  7.  Two  velocity  zones  were  determined.  The  first 
zone  which  corresponds  to  talus  (basalt  rubble)  deposits  had  an  average 
velocity  of  2375  fps  with  a  thickness  varying  from  34  ft  on  the  western 
end  of  the  line  to  15  ft  on  the  eastern  end.  The  underlying  material, 
basalt,  had  a  true  velocity  of  8225  fps. 

Downhole  P-Wave  Tests 


27.  Downhole  test  results  are  presented  in  conventional  time 
versus  slant  distance  (slant  distance  is  nearly  equal  to  depth)  plots. 
Figures  8-10  show  the  results  of  downhole  P-wave  tests  conducted  at 
5-ft-depth  intervals  in  borings  A,  C,  and  E,  respectively. 

28.  Figure  8  presents  the  data  collected  from  the  downhole  test 
conducted  in  boring  A,  crest  of  dam,  which  was  45  ft  deep.  Two  velocity 
zones  were  indicated  which  are  tabulated  as  follows: 


Approximate 
Depth  to  Top 

Zone  of  Interface-  ft  Velocity,  fps 

1  0  2165 

2  25  2750 

29.  Figure  9  presents  the  data  acquired  from  the  downhole  P-wave 
test  in  boring  C,  downstream  face,  which  was  135  ft  deep.  Four  velocity 
zones  were  determined  as  follows: 


Approximate 
Depth  to  Top 

Zone  of  Interface,  ft  Velocity,  fps 


1  0  1900 

2  10  3300 

3  105  4000 

4  120  6675 
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30.  Figure  10  presents  the  data  collected  from  the  downhole  P- 


wave  test  conducted  in  hole  E,  located  on  the  downstream  toe  of  the  dam. 


which 

was  95  ft  deep. 

The  results  indicated 

three,  velocity  zones  tabu- 

lated 

as  follows: 

Approximate 
Depth  to  Top 

Zone 

of  Interface,  ft 

Velocity,  fps 

1 

0 

1300 

2 

12 

4375 

3 

33 

7075 

Downhole  S-Wave  Tests 


31.  Data  obtained  from  downhole  S-wave  tests  are  conventionally 
shown  in  arrival  time  versus  slant  distance  plots.  Slant  distance  is 
almost  equal  to  depth.  The  results  of  the  downhole  S-wave  tests  con¬ 
ducted  in  boreholes  A,  C,  and  E  are  presented  in  Figures  11-13, 
respectively. 

32.  Only  one  velocity  zone  was  detected  from  the  downhole  S-wave 
test  conducted  in  boring  A  which  was  located  on  the  crest,  as  shown  in 
Figure  11.  The  velocity  of  this  zone  was  determined  to  be  925  fps. 

33.  Figure  12  presents  data  acquired  from  the  downhole  S-wave 
test  conducted  in  boring  C,  downstream  slope.  Two  S-wave  velocity  zones 
were  interpreted  as  follows: 

Approximate 
Depth  to  Top 

Zone  of  Interface,  ft  Velocity,  fps 

1  0  1000 

2  20  1920 

34.  Figure  13  presents  results  from  the  downhole  S-wave  test  con¬ 
ducted  in  boring  E  located  on  the  downstream  toe.  Two  velocity  zones 
were  indicated  as  follows: 


Zone 

1 

2 


Approximate 
Depth  to  Top 


of  Interface, 


0 

12 


13 


600 

1825 


f  C-*»  « 


Surface  Vibratory  Tests 


35.  The  results  from  the  ten  surface  vibratory  lines  (V-l  through 
V-10)  are  shown  as  R-wave  velocity  versus  depth  plots  which  are  presented 
in  Figures  14-18.  A  best-fit  curve  was  drawn  through  the  points  in  each 
plot  to  obtain  the  velocity  profile. 

36.  Figure  14  presents  the  R-wave  velocity  versus  depth  data  for 
lines  V-l  and  V-2  which  were  run  on  the  paved  service  road  on  the  crest 
of  the  dam  approximately  between  sta  18+00  and  22+00.  The  velocities 
ranged  between  700  and  950  fps  and  were  nearly  constant  at  about  900  fps 
between  depths  of  5  and  10  ft  below  which  the  velocity  decreased  quite 
rapidly  to  about  700  to  750  fps.  Below  15  ft,  the  velocity  gradually 
increased  to  950  fps  to  a  depth  of  60  ft.  The  higher  velocities  encoun¬ 
tered  near  the  surface  are  probably  due  to  a  higher  shear  modulus  asso¬ 
ciated  with  the  pavement  and  subgrade  materials. 

37.  Figure  15  presents  the  R-wave  velocity  versus  depth  plot  for 
vibratory  lines  V-3  and  V-4  which  were  run  on  the  crest  of  the  dam  be¬ 
tween  sta  24+00  and  28+00.  The  best-fit  curve  for  these  lines  showed  a 
decrease  in  velocity  from  830  fps  at  6  ft  to  700  fps  at  9  ft.  From  9  to 
27  ft,  the  velocity  remained  fairly  constant  at  700  fps.  Below  27  ft, 
there  is  a  gradual  increase  to  about  900  fps  at  a  depth  of  55  ft. 

38.  Figure  16  presents  the  R-wave  velocity  versus  depth  for  lines 
V-5  and  V-6  which  were  located  on  the  toe  of  the  dam  between  sta  24+00 
and  28+00.  The  best-fit  curve  showed  a  nearly  constant  velocity  of 
about  700  fps  to  a  depth  of  10  ft  at  which  point  the  velocity  increased 
almost  linearly  with  depth  to  1000  fps  at  27  ft. 

39.  Figure  17  presents  the  results  from  vibratory  lines  V-7  and 
V-8  run  on  the  toe  of  the  dam  approximately  between  sta  19+00  and  23+00. 
The  best-fit  curve  indicated  a  decrease  in  velocity  from  800  to  750  fps 
in  the  6  to  8-ft-depth  range.  Below  8  ft,  the  velocity  increased  al¬ 
most  linearly  to  1000  fps  at  a  depth  of  27  ft. 

40.  Figure  18  presents  results  from  vibratory  lines  V-9  and  V-10 
which  were  run  on  the  right  abutment  of  the  dam  between  sta  13+00  and 
17+00.  Two  best-fit  lines  were  drawn  for  the  data.  Data  from  line 
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V-9  exhibited  a  linear  increase  in  velocity  with  depth  ranging  from  640 
fps  at  approximately  6  ft  to  950  fps  at  about  33  ft.  Velocities  from 
lines  V-9  and  V-10  coincided  between  depths  of  6  and  10  ft  and  appeared 
to  correlate  with  the  overburden  materials.  At  a  depth  of  approximately 
10  ft,  the  velocity  from  line  V-10  indicated  a  sharp  increase  to  about 
750  fps  and  then  began  to  increase  almost  linearly  with  depth  to 
1125  fps  at  37  ft.  The  depth  to  the  higher  velocity  basalt  is  less  be¬ 
low  line  V-10  than  line  V-9;  therefore,  a  higher  R-wave  velocity  is  ex¬ 
hibited  by  line  V-10  because  of  the  R-wave  averaging  characterisitcs 
near  a  high-velocity  contrast  interface. 

Crosshole  Tests 


41.  The  calculated  true  P-  and  S-wave  velocities  as  determined  by 
the  crosshole  computer  program  at  each  test  elevation  for  the  three 
crosshole  sets  are  presented  in  Figure  19.  As  noted,  test  elevations 
were  at  5-ft  intervals  except  for  crosshole  set  EF  (toe)  where  no  data 
were  obtained  from  the  S-wave  test  in  the  upper  10  ft.  Also  shown  in 
Figure  19  are  P-  and  S-wave  velocity  zones  and  depths  to  interfaces  as 
established  by  the  computer  program  and  judgment. 

42.  The  P-wave  velocities  for  crosshole  set  AB  representative  of 
the  core  material  indicated  three  velocity  zones  as  follows: 


Depth  to  Top 

Zone  of  Interface,  ft  Velocity,  fps 

1  0  2950 

2  27  5050 

3  33  3450 

43.  The  S-wave  velocity  zones  for  crosshole  set  AB  indicated 
three  zones  as  follows: 


Depth  to  Top 

Zone  of  Interface,  ft  Velocity,  fps 

1  0  825 

2  13  525 

3  23  1050 
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44.  The  P-wave  velocity  zones  for  crosshole  set  CD  representative 
of  the  pervious  zone  and  foundation  materials  are  as  follows: 


Zone 

1 

2 

3 

4 


Depth  to  Top 
of  Interface,  ft 

0 

10 

113 

121 


Velocity,  fps 

1750 

3150 

4600 

6550 


45.  The  S-wave  velocity  zones  for  crosshole  set  CD  are  as 
follows: 


Depth  to  Top 

Zone  of  Interface,  ft 


Velocity,  fps 


1 

2 

3 

4 


0 

36 

114 

121 


1200 

1550 

1400 

1700 


46.  The  P-wave  velocity  zones  for  crosshole  set  EF  representa¬ 
tive  of  the  dam's  foundation  materials  are  as  follows: 


Depth  to  Top 

Zone  of  Interface,  ft  Velocity,  fps 


1  0  1275 

2  10  4375 

3  24  6875 


47.  The  S-wave  velocity  zones  for  crosshole  set  EF  are  as 
follows: 


Depth  to  Top 

Zone  of  Interface,  ft 


1 

2 

3 


0 

15 

27 


Velocity,  fps 


1175 

1850 


Data  Consolidation 


48.  In  order  to  make  a  meaningful  interpretation  of  the  data 
acquired  at  various  locations  along  the  dam  using  the  four  different 
geophysical  techniques,  it  is  convenient  to  present  the  data  in 
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composite  form  so  that  a  zonal  interpretation  can  be  developed  using 
all  the  available  data.  Such  composites  were  prepared  for  P-  and  S-wave 
tests  conducted  in  the  vicinity  of  the  cross  section  near  21+00  and  are 
presented  in  Figures  20  and  21,  respectively. 

49.  As  shown  in  Figure  20,  three  zones  of  the  dam  were  tested: 
core,  random  (pervious),  and  foundation  beneath  and  at  the  toe  of  the 
dam.  Results  determined  from  seismic  refraction,  downhole,  and  cross¬ 
hole  tests  are  presented  for  the  core  and  foundation  materials  at  the 
toe,  while  downhole  and  crosshole  results  are  depicted  for  the  random 
zone.  Comparison  of  the  results  from  each  test  for  a  specific  zone  are 
generally  in  good  agreement  on  velocities  and  depths  to  interfaces. 

50.  As  depicted  in  the  S-wave  composite  (Figure  21)  tests  were 
conducted  in  the  same  three  zones  shown  in  the  P-wave  composite.  Re¬ 
sults  from  crosshole,  downhole,  and  surface  vibratory  tests  are  present¬ 
ed  for  the  dam  core  and  foundation  materials  at  the  toe.  Results  from 
the  downhole  and  crosshole  tests  are  presented  for  the  random  zone  and 
foundation  material  beneath  the  dam.  Velocities  and  depths  to  inter¬ 
faces  differ  somewhat  due  to  varying  limitations  between  test  techniques. 


17 


PART  III:  INTERPRETATION 


P-Wave  Velocities 


51.  The  P-wave  velocity  composite  (Figure  20)  was  analyzed  and  a 
zonal  interpretation  made  for  sta  21+00  using  weighted  averaging  and 
judgment  based  on  data  quality  and  the  limitations  and  advantages  of 
each  test  performed.  Since  the  borings  on  the  crest  did  not  penetrate 
the  foundation  materials,  thus  preventing  the  acquisition  of  data  from 
downhole  and  crosshole  tests,  two  approaches  were  used  to  present  values 
for  use  in  this  region  for  the  seismic  wave  propagation  analysis.  The 
first  approach  does  not  involve  the  extrapolation  or  interpolation  of 
velocities  beyond  areas  in  which  measurements  were  made,  and  is  present¬ 
ed  in  Figure  22.  The  zoning  through  the  core  and  underlying  foundation 
revealed  four  velocity  zones.  The  first  zone  had  a  velocity  of  2150  fps 
and  extended  to  a  depth  of  about  25  ft.  The  second  zone  had  a  velocity 
of  5050  fps  with  a  thickness  of  8  ft.  It  will  be  noted  that  both  the 
seismic  refraction  and  downhole  P-wave  tests  failed  to  discern  this 
layer;  however,  it  was  detected  by  the  crosshole  P-wave  test.  Even 
though  only  one  out  of  three  tests  distinguished  this  faster  layer,  it 
was  felt  that  it  should  be  reported  since  the  boring  logs  indicated  the 
highest  blow  counts  occurred  in  this  zone.  Underlying  the  above  zones 
was  a  3050-fps  layer  which  extended  to  approximately  150  ft  (the  dam- 
foundation  contact).  The  fourth  zone  corresponding  to  the  Black  Butte 
Series  had  a  velocity  of  6875  fps  to  undetermined  depths.  Four  velocity 
zones  were  interpreted  for  the  random  material.  The  first  zone  had  a 
velocity  of  1825  fps  and  extended  to  a  depth  of  10  ft.  The  underlying 
second  zone  extended  to  a  depth  of  about  110  ft  with  a  velocity  of 
3225  fps.  Underlying  the  above  layers  was  a  third  zone  having  a  veloc¬ 
ity  of  4300  fps  which  corresponded  with  the  alluvium.  At  a  depth  of 
about  122  ft,  the  Black  Butte  Series  was  encountered  with  a  velocity  of 
6625  fps  to  135  ft.  The  tests  conducted  at  the  downstream  toe  of  the 
dam  revealed  four  P-wave  velocity  zones  for  the  foundation  material. 

The  near-surface  layer  exhibited  a  velocity  of  1500  fps  and  had  a 
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thickness  of  10  ft.  The  second  zone  had  a  velocity  of  4500  fps  and 
extended  to  a  depth  of  27  ft.  The  first  two  zones  correlated  with  the 
alluvium.  The  Black  Butte  Series  was  encountered  at  a  depth  of  27  ft 
and  had  a  velocity  of  6900  fps.  The  seismic  refraction  line  exhibited 
a  fourth  zone  having  a  9850  fps  velocity  at  a  depth  of  about  111  ft. 

It  is  possible  that  this  zone  corresponds  to  the  Chico  Formation. 

52.  The  second  approach  for  interpreting  P-wave  data  was  to 
assign  zonal  velocities  according  to  constructed  zones  of  the  dam  and 
foundation  layering  this  involves  some  interpolation  and  extrapolation 
based  on  the  principle  that  with  other  things  being  equal  seismic  wave 
velocities  increase  with  effective  stress.  The  results  of  this  method 
are  presented  in  Figure  23  for  the  cross  section  through  sta  21+00. 

Three  velocity  zones  were  interpreted  for  the  core  (Figure  23).  The 
upper  25  ft  of  core  material  had  a  velocity  of  2150  fps  while  the 
underlying  second  zone  had  a  velocity  of  5050  fps.  The  lateral  extent 
of  the  second  layer  cannot  be  predicted.  The  core,  from  a  depth  of 
33  ft  to  the  dam-foundation  contact,  had  a  velocity  of  3050  fps.  The 
random  zone  exhibited  two  velocity  zones.  The  upper  10  ft  of  random 
zone  material  had  a  velocity  of  1825  fps.  The  rest  of  the  random  zone 
was  assigned  a  velocity  of  3225  fps.  Results  of  testing  in  the  founda¬ 
tion  materials  yielded  four  velocity  zones.  The  first  zone  which  was 
encountered  only  at  the  downstream  toe  had  a  thickness  of  10  ft  and  a 
velocity  of  1500  fps.  The  second  zone  exhibited  a  velocity  of  4400  fps 
and  correlated  with  the  alluvial  sand  and  gravel  layer.  The  third  zone, 
indicative  of  the  Black  Butte  Series,  had  a  velocity  of  6775  fps.  The 
thickness  (about  84  ft)  of  the  Black  Butte  Series  was  measured  only  at 
the  toe  of  the  dam.  Underlying  the  Black  Butte  Series,  the  Chico  Forma¬ 
tion  was  encountered  with  a  corresponding  velocity  of  9850  fps  at  a  depth 
of  about  111  ft. 


S-Wave  Velocities 


53.  S-wave  zonal  interpretations  were  made  in  the  same  manner 
as  employed  for  P-wave  interpretations  previously  discussed.  Figure  24 
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presents  the  S-wave  zonal  velocity  interpretation  through  the  cross 
section  at  sta  21+00.  Three  zones  were  determined  for  the  core.  The 
first  zone  extended  to  a  depth  of  12  ft  and  had  a  velocity  of  875  fps. 

The  underlying  zone  with  a  velocity  of  650  fps  extended  to  a  depth  of 
22  ft  where  the  third  zone  was  encountered  with  a  velocity  of  975  fps 
to  a  depth  of  45  ft,  the  limit  of  testing.  The  velocity  profile 
through  the  random  zone  and  into  the  foundation  revealed  four  zones. 

The  first  zone,  28  ft  thick,  exhibited  a  velocity  of  1100  fps.  The 
second  zone  which  extended  to  the  dam-foundation  contact  had  a  velocity 
of  1675  fps.  The  alluvium  directly  beneath  the  dam  had  a  velocity  of 
1400  fps  and  a  thickness  of  about  7  ft.  A  velocity  of  1750  fps  was 
detected  at  121  ft  deep  and  is  probably  indicative  of  the  Black  Butte 
Series.  Interpretation  of  data  obtained  at  the  downstream  toe  of  the 
dam  revealed  three  zones.  The  first  zone,  corresponding  to  alluvium, 
had  a  velocity  of  675  fps  and  a  15-ft  thickness.  The  underlying  zone 
also  corresponded  to  alluvium  and  had  a  velocity  of  1300  fps  extending 
to  27  ft  in  depth  where  the  Black  Butte  Series  was  encountered.  The 
Black  Butte  Series  in  the  toe  area  was  determined  to  have  a  1825  fps 
velocity  to  a  depth  of  95  ft,  the  extent  of  testing. 

54.  The  second  interpretation  approach  (based  on  constructed  zones 
of  the  dam)  is  presented  in  Figure  25.  The  core  is  divided  into  three 
zones.  The  first  zone  was  12  ft  thick  with  a  velocity  of  875  fps. 

The  second  zone  which  ranged  from  12  to  22  ft  in  depth  had  a  velocity  of 
650  fps.  The  third  zone  extended  from  a  depth  of  22  ft  to  the  dam- 
foundation  contact  and  exhibited  a  velocity  of  975  fps.  The  random  zone 
of  the  dam  was  divided  into  two  velocity  layers.  The  upper  28  ft  of 
random  material  had  a  velocity  of  1100  fps.  The  rest  of  the  random 
material  was  interpreted  to  have  a  velocity  of  1675  fps.  The  foundation 
materials  were  divided  into  three  velocity  zones.  The  first  zone  corres¬ 
ponding  to  the  near-surf ace  materials  at  the  toe,  had  a  thickness  of 
about  15  ft  and  a  velocity  of  675  fps.  Underlying  the  above  zone  and 
extending  laterally  to  the  transition  zone  was  a  layer  with  a  velocity 
of  1350  fps  and  an  average  thickness  of  about  10  ft.  The  above  two  zones 
corresponded  to  the  alluvial  materials.  Beneath  the  alluvium,  a  velocity 
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of  1800  fps  was  encountered  which  correlated  with  the  Black  Butte 
Series. 
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PART  IV:  CONCLUSIONS 


55.  The  following  conclusions  were  drawn  as  a  result  of  the  in 
situ  investigation  conducted  at  Black  Butte  Dam. 

56.  The  interpretation  of  P-wave  data  indicated  three  velocity 
zones  in  the  core  and  two  velocity  zones  for  the  random  fill.  The  core 
had  velocities  of  2150,  5050,  and  3050  fps  while  the  random  zone  had 
velocities  of  1825  and  3225  fps.  The  foundation  materials  investigated 
consisted  of  alluvium  and  materials  belonging  to  the  Black  Butte  Series 
and  Chico  Formation.  The  alluvium  on  which  the  dam  rests  had  a  velocity 
of  4400  fps.  At  the  toe  of  the  dam,  the  4400-fps  alluvium  is  overlain 
by  alluvium  having  a  velocity  of  1500  fps.  Underlying  the  alluvium  is 
the  Black  Butte  Series  which  had  a  velocity  of  6775  fps.  The  Chico 
Formation  had  a  velocity  of  9850  fps  and  was  encountered  only  by  the 
refraction  seismic  test  conducted  at  the  toe. 

57.  Results  from  seismic  refraction  tests  indicated  three  veloc¬ 
ity  zones  for  the  right  abutment  of  the  dam.  The  first  zone,  slope  wash 
had  a  velocity  of  1225  fps.  The  second  zone,  corresponding  to  the 
Tehama  Formation,  had  a  velocity  of  3500  fps  while  the  third  zone, 
basalt  flows,  had  a  velocity  of  9825  fps.  The  left  abutment  had  veloc¬ 
ities  of  2375  and  8225  fps  which  correlated  with  slope  wash  and  basalt, 
respectively. 

58.  The  S-wave  velocity  profile  for  Black  Butte  Dam  showed  that 
the  core  had  three  velocity  zones  of  875,  650,  and  975  fps.  The  random 
zone  was  interpreted  to  have  velocities  of  1100  and  1675  fps.  For  the 
foundation,  alluvial  material  in  the  vicinity  of  the  downstream  toe,  had 
a  675  fps  velocity  and  a  thickness  of  15  ft.  For  the  remainder  of  the 
alluvium  at  the  toe  and  extending  beneath  the  dam  to  the  transition  zone 
a  velocity  of  1350  fps  was  noted.  The  Black  Butte  Series,  which  under¬ 
lies  the  alluvium,  was  determined  to  have  a  velocity  of  1800  fps. 

59.  Results  from  surface  vibratory  tests  conducted  on  the  right 

abutment  indicated  that  R-wave  velocities  ranged  from  640  fps  near  the 
surface  to  1125  fps  at  a  depth  of  37  ft. 
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COLUSA 


Surface  refraction  line  R-l,  toe  of  dam 
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Figure  6.  Surface  refraction  line  R-3,  right  abutment  of  dam 
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Figure  7.  Surface  refraction  line  R-4,  left  abutmen 
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Figure  8.  Downhole  P-wave  test  conducted  in  borehole  A,  crest  of  dam 


Figure  9.  Downhole  P-wave  test  conducted  in  borehole  C,  downstream 

slope  of  dam 
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Figure  10.  Downhole  P-wave  test  conducted  in  borehole  E, 
downstream  toe  of  dam 
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Figure  11.  Downhole  S-wave  test  conducted  in  borehole  A, 

crest  of  dam 
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Figure  12.  Downhole  S-wave  test  conducted  in  borehole  C, 
downstream  face  of  dam 
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Figure  13.  Downhole  S-wave  test  conducted  in  borehole  E, 
downstream  toe  of  dam 
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Figure  14.  R-wave  velocity  versus  depth  for  lines  V-l  and  V-2, 

crest  of  dam 
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Figuie  16.  R-wave  velocity  versus  depth  for  lines  V-5  and  V-6, 

downstream  toe  of  dam 
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Figure  17.  R-wave  velocity  versus  depth  for  lines  V-7  and  '-8, 

downstream  toe  of  dam 
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Figure  18.  R-wave  velocity  versus  depth  for  lines  V-9  and  V-10 

right  abutment  of  dam 
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Figure  19.  Crosshole  results  for  cross  sections  through 
approximate  sta  21+00 
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Figure  21.  S-wave  composite  for  cross  section  through 
approximate  sta  21+00 
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Figure  22.  P-wave  zonal  velocity  interpretation  for  cross  section 
through  approximate  sta  21+00 
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Figure  23.  P-wave  velocity  contours  for  cross  section  at  approximate  sta  21+00 
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Figure  24.  S-wave  zonal  velocity  interpretation  through 
cross  section  at  approximate  sta  21+00 
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